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Scientific progress and accomplishments (since last report) 
 

I. Synthesis of PZT-PZN & PZT-PZN-Mn Thick Film 
A 10μm-thick piezoelectric films were synthesized using aerosol deposition 

(AD) process. The AD method is a promising way to fabricate thick films with dense 
microstructure. Furthermore, the effect of Mn-doping in synthesized thick films under 
low and high field drives was investigated. The base composition of films was selected as 
0.9Pb(Zr0.52Ti0.48)O3-0.1Pb(Zn1/3Nb2/3)O3 (PZT-PZN), which was modified with Mn as 
0.9Pb(Zr0.52Ti0.48)O3-0.1Pb(Zn1/3Nb2/3)O3-0.52 wt% MnO2 (PZT-PZN-Mn) to induce a 
hardening effect. Figure I.1 shows the X-ray diffraction (XRD) patterns of initial starting 

powders and annealed films. The initial starting 
powders as well as deposited films showed 
perovskite structure with no trace of any 
secondary phase.  
 
 
 
Figure I.1. XRD Patterns of the powders and thick films 
of PZT-PZN and PZT-PZN-Mn. 
 
 

 
 
 
 
 
Figure I.2. SEM cross sectional micrographs of (a) PZT-
PZN, (b) PZT-PZN-Mn, higher magnification cross 
sectional micrographs of fractured (c) PZT-PZN, and (d) 
PZT-PZN-Mn, (e) TEM micrograph and SAED pattern of 
PZT-PZN-Mn, and (f) the distribution of Mn by EDX 
mapping based on (f). 
 
 
 
 

 
 
Figures I.2 (a) and (b) show the cross-

section of PZT-PZN and PZT-PZN-Mn films 
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illustrating dense microstructure and good adhesion with substrate. The thickness of films 
was estimated to be in the vicinity of 10 m. Figures I.2 (c) and (d) show the high 
magnification fractured cross-sectional microstructures of the PZT-PZN and PZT-PZN-
Mn film where grain size was found to be in the wide range of 10 – 100 nm. The 
microstructure of both Mn-doped and undoped PZT-PZN were found to be identical in 
terms of grain size and heterogeneity. Transmission electron microscopy (TEM) image 
and selected area electron diffraction (SAED) pattern of PZT-PZN-Mn film shown in 
Fig. I.2(e) revealed the distribution of crystallites with a size range of several tens of 
nanometer and no trace of amorphous phase. In addition, two dimensional energy 
dispersive spectrometer (EDS) mapping of Mn element was conducted on Fig. I.2 (e), 
and it showed a uniform distribution of Mn element as shown in Fig. I.2 (f). These results 
indicate that PZT-PZN and PZT-PZN-Mn films were of the same thickness, crystallinity, 
and density. Thus, the changes in dielectric and ferroelectric behaviors could be attributed 
to Mn-doping directly. 

 
Figure I.3. (a) Dielectric constant and (b) dielectric loss factor of PZT-PZN and PZT-PZN-Mn films as a 
function of frequency, (c) Fitting of dielectric data using power law, Polarization as a function of electric 
field for (d) PZT-PZN and (e) PZT-PZN-Mn films. (f) Fitting of maximum polarization using modified 
Arrhenius equation. 
 

Dielectric constant (ε’) and loss factor (tanδ = ε”/ε’) of the PZT-PZN and PZT-
PZN-Mn films were measured as a function of frequency. Figures I.3(a) and (b) show the 
variation of real and imaginary parts of the dielectric constant as a function of frequency, 
respectively. There is clearly significant reduction in both real and imaginary parts for 
PZT-PZN-Mn films indicating the reduced extrinsic contribution. Defects and 
substituents are known to affect the dielectric properties of the ferroelectrics in both 
poled and unpoled conditions. In general there are two types of defects, mobile defects 
and randomly quenched defects. Mobile defects are known to induce hard piezoelectric 
behavior whereas randomly quenched ones induce soft behavior. The hard properties 
resulted from the distribution of Mn2+ onto the B-sites. Mn2+ incorporated onto the B sites 



would act as a lower valent species on a higher valent site. Accordingly, oxygen 
vacancies would be created for charge compensation, imparting polarization pinning and 
“hard” characteristics. This may effectively pin the 180o domain motion resulting in 
reduced dielectric loss and dielectric constant. It is well known that the 180o domain has 
smaller internal stress than the 90 o domain in the switching process. Oxygen vacancies or 
point defects can easily migrate to the domain boundaries, form clusters, and result in a 
pinned polarization state. Therefore, 180o domain motion is more easily influenced and 
inhibited by those defects. This can be easily explained from the results of Figs. I.3(a) 
and (b). 

The polarization dynamics in PZT-PZN-Mn thin films can be modeled analogous 
to magnetic glassy systems. Previously, we have shown for the PMN-PT system that 
piezoelectric relaxation is a stretched exponential that is superimposed upon a purely 
logarithmic decay term derived using the droplet model for spin glass systems below 
their freezing temperature. The form of this relationship is given in the equation in terms 
of d33 as: 

 d33  =  A1 exp[-(t/τo)
n]  +  (d33(o) – A2 ln(t)   (I.1) 

where τo is a characteristic relaxation time, A1 is the non-equilibrium relaxation rate, A2 is 
the relaxation rate in dynamical equilibrium, and n is an exponent. Conventionally, for 
the single relaxation time i.e. there are no appreciable dynamic correlations on a longer 
time scale; the relaxation rate is given by Debye relation: 

  ttR exp~)(           (I.2) 

In the disordered systems, the distributed relaxation time will be the average of the 
clusters and expressed using the power law as: 
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where ε’in is the frequency independent dielectric constant, τ is the relaxation time and n 
is the dimensionality. Equation (I.3) can be expressed in terms of logarithmic variables 
as: 
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where t1 = 1/n, and  nA 11  . Figure I.3(c) shows the logarithmic variation of the real 
part of dielectric constant with frequency for PZT-PZN-Mn films. The data in this figure 
was fitted by Eq. (I.4) and the fitted curve is shown by a solid line. The fitted parameters 
were found to be as: ε’in = 729, τ = 0.53 × 106s, and n = 0.089. Similar analysis on the 
PZT-PZN films yielded the coefficients as: ε’in = 885, τ = 5.72s, and n = 0.178. 
Comparing the magnitudes of the frequency independent term and relaxation times, it can 
be seen that Mn doping significantly reduces the dynamics of the system, that means the 
hardening effect by Mn doping was clearly observed. It is known that in a disordered 
system, defects have a tendency to cluster at the domain boundaries and provide the 
pinning sites for polarization. Polarization reversal in such systems has been found to 
occur by the heterogeneous nucleation and growth process in the vicinity of quenched 



random defects. Accordingly, switching occurs by the creation of fractal domains (i.e., 
nuclei or small clusters of reversed polarization within a poled condition). In such 
systems, even a small concentration of impurity makes a large contribution to the random 
fields (if the domain polarization is parallel to the local fluctuations of the random fields) 
and may have strong influence on the pinning of the domain boundaries and a much 
higher field is required to destabilize the domain boundaries. To further elucidate this 
point, we next investigated the polarization behavior under high field – low frequency 
conditions. 

Figures I.3(d) and (e) show the field dependent P–E loops for PZT-PZN and PZT-
PZN-Mn, respectively. Comparing the P-E loops for pure and modified PZT-PZN in fully 
saturated condition, it can be seen that there is asymmetric shift indicative of internal bias 
field. The magnitude of coercive fields Ec

- and Ec
+ for PZT-PZN were found to be -37.2 

and 30.0 kV/cm, while for PZT-PZN-Mn they were found to be -24.8 and 41.2 kV/cm. 
Using these values the bias field can be calculated to be -3.6 kV/cm for PZT-PZN and 
8.18 for PZT-PZN-Mn. For the PZT-PZN film, the internal bias might be derived from 
the stress between the film and substrate. It is well known that the stress is one of the 
origins for imprint phenomena. On the other hand for Mn-doped PZT-PZN, the imprint 
was from the internal bias generated by the acceptor. This confirms the presence of 
domain wall pinning effects by defect dipoles which oppose the change in polarization. 
The variation of the saturated polarization (Pmax) with amplitude of applied electric field 
is shown in Fig. I.3(f). The polarization variation was modeled using the modified 
Arrhenius equation, given as: 
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where Po is the polarization magnitude of the nuclei and Eo is the activation field required 
to depin the domain boundaries. This is consistent with the fact that the macroscopic 
relaxation phenomenon is the summed average of the microscopic relaxation processes. 
The magnitude of Po and Eo for PZT-PZN-Mn film was found to be 0.601 C/m2 and 
1.187 × 107 V/m respectively. Fitting Eq.(I.5) to the pure PZT-PZN film yielded the 
magnitude of Po and Eo as 0.601 and 1.311 × 107 V/m respectively. These magnitudes 
are quite similar indicating that at higher fields defect clusters collapse and no longer act 
as the pinning source. These high quality thick ferroelectric films provide baseline for 
development of the high performance magnetoelectric films. 
 
 
II. New magnetoelectric nano-structure design (3-2 connectivity) 

A new-typed ME nanocomposite thick films was successfully synthesized using 
aerosol deposition (AD). We pursued the synthesis of ME 3-2 nanocomposite thick films 
which is a partially laminated structure in the matrix comprising of ferroelectric and 
magnetostrictive phases using AD. The schematic diagram of the AD process is shown in 
Fig. II.1 (a). After annealing at 700oC for 1 h, the resulting structure shown schematically 
in Fig. II.1 (b) was obtained. NCZF phases with 2D connectivity were dispersed in the 
PZNT matrix. It can be noted in this figure that connectivity of ferrite is complex, which 
is difficult to be achieved by other processes. 
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Fig. II.1. (a) Schematic description of aerosol deposition process used for synthesizing nanocomposite 
films, (b) Schematic microstructure of the resulting film 
 

Figure II.2(a) shows the XRD patterns of initial starting powders, as-deposited film, 
and annealed film. The powders showed co-existence of perovskite (PZNT) and spinel 
(NCZF) phases with sharp peaks, while the as-deposited films exhibited broad peaks due 
to its nanocrystalline structure. Upon annealing the films at 700oC, a polycrystalline 
composite with mixture of perovskite and spinel phases was obtained.  

 
 
 
 
 
 
 
Fig. II.2. (a) XRD patterns of the 
powders and composite thick films, 
(b) cross-sectional SEM image, (c) 
STEM, (d) and (e) EDX mapping. 
 
 
 
 

     Figure II.2(b) shows the cross-section of ME composite films illustrating dense 
microstructure and good adhesion with the substrate. The thickness of films was 
estimated to be in the vicinity of 13μm. STEM microstructure is shown in Fig. II.2(c). 
NCZF phases were partially laminated in the PZNT matrix. The results of EDX mapping 
for the marked area in Fig. II.2(c) is shown in Fig. II.2 (d) and (e) for elements Pb and Fe 
representing the PZNT and NCZF phases, respectively. 

ME properties of 3-2 nanocomposites were measured in longitudinal - transverse (L-
T) mode. The maximum ME output voltage was found to be 150 mV/cm.Oe, as shown in 
Fig. II.3. This high ME response was resulted in a reduced clamping effect in 13μm thick 
films, effective poling of the piezoelectric matrix, and enhanced elastic coupling.  

 
 
 
 
 
 
Fig. II.3. ME coefficient of 3-2 ME composite film with 
PZNT-NCZF fabricated by AD as a function of DC 
magnetic bias field. 
 
 
III. Broadband Magnetoelectric ME sensor 

(Design & Characterization) 

-3000 -2000 -1000 0 1000 2000 3000
-200

-150

-100

-50

0

50

100

150

200

Hac= 1 Oe @ 1 kHz

M
E

 O
u

tp
u

t 
V

o
lt

a
g

e 
[m

V
/c

m
.O

e
]

DC Magnetic Field [Oe]



We have recently reported a design for broadband magnetoelectirc sensor that 
overcomes many of the traditional problems. Generally, laminate composites have a 
higher ME voltage coefficient than sintered composites but exhibit limited to narrow 
bandwidth in terms of magnetic DC bias under the fixed AC magnetic field. This limits 
their ability to be utilized for an AC magnetic field sensing, which desires a flat ME 
response over a wide DC magnetic bias range. 

Our research was guided by the fact that ME response in laminates was dependent on 
the geometry fabricated by using PZNT and Metglas layers, as shown in Fig. III.1. It was 
interesting to find that by changing the structure from “unimorph” type to “sandwich” 
type and from square shape to disk, the maximum in ME coefficient was shifted by more 
than 2 times (355 Oe shift). 
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Fig.III.1. (a) Schematic diagrams of prepared samples: type I – 15.5×15.5 mm2 PZNT plate with one side-
attached Metglas and type II – 10.2 mm diameter PZNT disk with both side-attached Metglas, (b) 
Magnetoelectric output voltage as a function of DC magnetic field. 
 

Based on these phenomena, some interesting observations can be made as following: 
(i) How can the two configurations be combined such that the ME coefficients are at 
maximum magnitude over the DC bias range of 215 Oe to 570 Oe?, (ii) What is the effect 
of stacking configurations on the maximum position of ME?, and (iii) What is the effect 
of interface area on ME coefficient?. 
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Fig.III. 2. Maximum ME coefficient and saturation DC magnetic field as a function of the number of 
Metglas layers on PZNT. All measurements were conducted under Hac= 1 Oe and frequency of 1 kHz. 
 

In order to investigate the role of the number of Metglas layers on the ME response, 
unimorph configuration was selected and 2-layers of Metglas with dimensions of 7×9 
mm2 were incrementally stacked on the PZNT plate of 7×15 mm2. Figure III.2 shows the 

(a) (b) 

(a) (b) 



variation of ME output voltage as a function of the number of Metglas layers and applied 
DC magnetic field. The composite with 4-layers of Metglas exhibited maximum 
magnitude of the ME coefficient. With further increase in the number of Metglas layers, 
the ME output steadily decreases. The optimum magnitude of magnetic DC bias 
(saturation DC magnetic field for magnetostriction coefficient) was found to increase 
with increase in the number of Metglas layers. It means that it is possible to control the 
ME output value and saturation point by changing the number of Metglas layers. 

 
Fig. III.3. (a) Schematic representation of sample preparation with pyramid Metglas structure on separated 
electrodes. (b) Magnetoelectric output voltage as a function of applied DC magnetic field. 
 

 
Fig. III.4. ME output voltage variation as a function of DC magnetic field for various dimensions. PZNT 
plates with different planar dimensions (15.5×15.5, 12.5×12.5, and 8×8 mm2), but same thickness of 1 mm 
were used in this experiment. All ME measurements were conducted under Hac= 1 Oe at 1 kHz. 
 

In order to gain more information into the elastic coupling processes of unimorph 
configuration, a sectioned electrode pattern was designed on a PZNT plate of 15.5×15.5 
mm2. The electrode pattern on top of the PZNT plate is divided in two parts, a stripe is in 
between the “U” structure. The gap between the two sections was of the order of 1 mm. 
Ten-layered Metglas was attached on PZNT covering the whole surface area. In the 
center, on top of the stripe electrode, the number of Metglas layers was increased to thirty 
layers as shown in Fig. III.3. The ME coefficients were measured from the two sections 
separately, and then the combined response from the two sections was measured. 
Although locally different ME output behavior was expected from each section because 
of the difference in number of Metglas layers, the magnitudes of the ME coefficient and 
the saturation DC magnetic field were found to be identical from both sections. This 
indicates that average strain distribution is homogeneous, even though locally different 
strains are generated. Thus, it is important to have a larger physical separation in order to 
achieve differences between the peak positions of ME coefficient from two separated 
sections. 



Figure III.4 shows the ME behavior as a function of DC magnetic field for three 
different samples. It was found that as the planar area of composites decreases, the ME 
voltage coefficient decreases, while the saturation DC magnetic field increases. Thus, the 
ME coefficient and saturation DC magnetic field exhibit inverse behaviors with 
increasing planar area. In other words, when the planar geometry is large, the ME 
coefficient is also large at smaller magnetic DC bias.  

We realized a new geometrical structure is required to achieve the individual response 
from separate sections of composite. The composite design was guided by the above 
results: (i) different dimensions resulted in different peak positions with respect to 
magnetic DC bias, and (ii) physical separation between the Metglas layers was necessary 
to achieve a difference in the peak positions of the ME coefficient. Therefore, we 
incorporated these two factors by designing a dimensionally gradient composite with 
separate Metglas sections, as shown in Fig. III.5 (a).  

 
Fig. III.5. (a) Schematic structure of the dimensionally gradient sample, (b) Picture of the fabricated 
sample: 20-layers of Metglas was attached on each rectangular secction, (b) ME coefficient of the 
dimensionally gradient sample under Hac= 1 Oe at 1 kHz. 

 
The dimensions of the PZNT plate in each section were as follows: 15.5×5, 10.6×5.5, 

and 6.2×5 mm2 (width of about 5 mm was reduced per 5 mm length) as shown in Fig. 
III.5(b). The thickness of the plate was 1 mm. On this structure, 20-layers of Metglas 
with proportional surface area were attached, where each Metglas section was separated 
from each other by 1.5 mm. Figure III.5(c) shows the measured ME response of this 
composite structure. Interestingly, the total ME response of the structure was in 
combination of the three individual effects, as shown by the peak fitting: three-typical 
components were found in the same specimen. As the planar dimension of composite 
decreases, the saturation magnetic field increases in providing three separate peaks from 
three different sections. The larger composite section exhibits a higher ME coefficient at 
smaller magnetic DC bias, in agreement with our result in Fig. III.4. 

All results lead us to an important conclusion that a high magnitude and saturation 
point of ME coefficient can be controlled by composite structure having separated 
sections, dimensions of composite, and number of Metglas layers on a PZNT planar area. 
Based on this conclusion, we tested and demonstrated the broadband magnetoelectric 



sensor. This result is important to realize different peak positions of the ME coefficient 
from different sections.  

 
Fig. III.6. (a) Machined and electroded H-shaped PZNT plate, (b) Metglas-attached on the PZNT on both 
rectangular sections, (c) Broadband ME behavior of the H-shaped laminate. 
 

 
Fig. III.7. Frequency dependence of the ME coefficient for broadband laminate composite. (a) 
Measurements were conducted under Hac= 1 Oe and Hdc= 94 and 220 Oe, (b) Resonance analysis-  
Impedance spectrum, (c) FEM analysis of bending resonance modes.  
 

An asymmetric H shape PZNT plate was fabricated with the dimensions shown in 
Fig. III.6(a) (15.2×5.3 and 8.5×5 mm2 areas were connected with the bridge of 4×5 mm2) 
in order to enhance physical separation. In this design, the bridge connecting two 
different dimensions of laminate composites will lead to two separate responses. On this 
PZNT plate, 4-layers of Metglas was attached for the smaller area and 30-layers of 
Metglas was attached on the larger area. It should be noted here that smaller dimensions 
leads to smaller ME coefficient, but smaller number of Metglas layers leads to larger ME 



coefficient. Thus, a compromise between the two opposing effects was calculated to be in 
the range equivalent to that of the large composite with 30-layered Metglas. Figure 
III.6(b) shows the picture of the fabricated composite. Figure III.6(c) shows the measured 
the ME response from this composite structure. The first peak of ME coefficient was 
found at 94 Oe associated with that of the 4-layered Metglas on a smaller piezoelectric 
surface area. The second peak of the ME coefficient was found at 220 Oe resulting from 
the 30-layered Metglas on the larger piezoelectric area. There is a slight drop in the 
magnitude of the ME coefficient between the two peaks, which reflects a mismatch in 
tailoring the dimensions of two sections. By further adjusting the dimensions, it is 
possible to bring the two peaks closer to each other and achieve almost a square wave 
response. However, the results of this figure clearly demonstrate the idea in designing the 
broadband magnetoelectric sensor.  

 Figure III.7(a) shows the frequency dependence of the ME coefficient for 
broadband composite in the range of 40 to 105 Hz.  Measurement was conducted at Hac= 
1 Oe under applied DC magnetic fields of 94 and 220 Oe. The peaks in this figure 
correspond to electromechanical resonances occurring at 20, 29, 49, and 70 kHz. It is 
interesting to note that regardless of the applied DC magnetic field in the range of 94 – 
220 Oe, the broadband ME sensor showed similar range of ME output voltage, ~4 
V/cm.Oe, at 49 kHz. The maximum ME output was 4.5 V/cm.Oe under the conditions of 
Hac=1 Oe at 49 kHz and HDC = 220 Oe.  In order to find the electromechanical resonance 
modes of PZNT plate – Metglas laminate, an FEM analysis was conducted using ATILA. 
Figure III.7(b) shows the impedance spectrum for H-shaped broadband laminate. The 
impedance spectrum was found to exhibit resonance peaks at the same position as that 
observed in the ME measurements as a function of frequency. This further indicates that 
all the peaks were correlated to electromechanical resonance modes. Figure III.7(c) 
shows the bending oscillation modes for the four resonances pointed in the impedance 
spectrum. The first mode at 20 kHz was found to be from bending of the large 
rectangular section in the H-laminate (Fig. III.7(c)-1st). The second mode at 29 kHz was 
found to be from the bending of bridge structure joining the two rectangular sections 
(Fig. III.7(c)-2nd). The output voltages from the 2nd mode were relatively low, which 
could be associated to the small deformation occurring in the bridge. The third mode at 
49 kHz was related to combined bending response from the bridge and the small 
rectangular section of the composite (Fig. III.7(c)-3rd). This mode generated the highest 
output voltages as shown in Fig. III.7(a). The fourth mode at 70 kHz was found to be 
related to the bending of the small rectangular section of composite (Fig. III.7 (c)-4th). 
The results indicate that the third resonance mode at 49 kHz is a combination of the 
second mode occurring at 29 kHz and the fourth mode occurring at 70 kHz and leads to 
larger displacements in the structure, resulting in a higher ME coefficient. These results 
further provide the insight in designing a composite structure that could provide large ME 
coefficient over a wide frequency range. 

Figure III.8 shows the sensitivity measurement of the broadband ME laminate to the 
small DC magnetic field variations under 49 kHz using L-T mode. These measurements 
were performed under Hac = 0.1 Oe. Based on these resonant conditions, first a small dc 
magnetic field of 10 mOe was applied to the specimen. The ME voltage induced by step-
like changes with a small dc bias of 10 mOe (1 μTesla) was measured using a time 



domain capture mode, as shown in Fig. III.8(a).  Clear responses in ME voltage per steps 
can easily sense 1 μTesla value of the small dc bias. 

 
 
Fig. III.8. Sensitivity of 
small DC magnetic field for 
the L-T laminate under a 
constant Hac =0.1 Oe at f= 49 
kHz: (a) 1 μTesla and (b) 
500 nTesla dc magnetic 
fields per steps. 
 
 
 

Next, we reduced the applyied dc magnetic field to 5 mOe. The voltage output 
induced by steplike changes with small dc bias of 5 mOe (500 nTesla) was measured, as 
shown in Fig. III.8(b). Inspection of the data reveals rapid and visible responses in the 
voltage induced across the piezoelectric layers in response to ΔHdc. This ME laminate 
can detect 500 nTesla value of Hdc. This sensitivity was attributed to the effective 
electromechanical resonance modes of the asymmetric H-shaped structure in the laminate 
at 49 kHz.  

 
 
IV. Wideband sensor with Multi-layered Structure 
     We clearly demonstrated the idea in designing the broadband magnetoelectric sensor. 
However, there was still a problem to be solved. The response at electromechanical 
resonance (EMR) frequency is 10 – 100 times higher than in the low frequency regime. 
Further, the ME composites exhibit narrow and sharp peak behaviors at EMR frequency. 
If an operating frequency is not exactly at EMR, the response would be weak. In 
magnetic field sensor applications, an ideal scenario would be to achieve the EMR 
frequency below 1 kHz and increase both the frequency and magnetic DC bias range in 
which the ME coefficient almost remains flat. This is the motivation behind our research, 
and we present our progress is design and fabrication of wideband magnetoelectric 
composites in this section.  

To achieve wideband AC magnetic field sensing, some conditions should be met: (i) 
generating multiple resonance modes, (ii) merging these resonance peaks, (iii) moving 
the EMR to the range of 1 kHz. A bimorph-type asymmetric H-shaped piezoelectric 
ceramic was employed to generate various resonance modes. Using the tip loading 
method resonance frequency was reduced further. 

Figure IV.1(a) shows the schematic of asymmetric -shaped bimorph. This 
exhibited multiple resonances below 100 kHz as shown in Fig. IV.1(b). The impedance 
and phase spectrums indicated resonance peaks at 10.09, 13.08, 23.32, 33.81, 43.05, 
58.54, and 82.26 kHz. For comparison, we have analyzed the resonance spectrum of H-
shaped ceramic plate of similar dimensions which showed only three EMR peaks at 40, 
70, and 94 kHz. The presence of these additional peaks allowed us to merge them in the 
desired operating range resulting in the wide band response. 

 



Fig. IV.1. (a) Schematic 
diagram of asymmetric -
shaped bimorph with 
opposite poling directions in 
piezoelectric layers. The 
dimensions of two 
rectangular sections were 
15.5×5 and 9.5×5 mm2 
connected by a bridge of 
dimension 4×5 mm2. The 

thickness of each layer was 500 m. (b) Impedance and phase spectrum for the asymmetric -shaped 
bimorph. 
 

 
 
Fig. IV.2. (a) Inset: Schematic diagram of Metglas attached to the bimorph. Four layers of Metglas of area 
15×7 mm2 was attached on smaller rectangular section while thirty layers of Metglas of area 20×7 mm2 was 
attached on the larger rectangular section. (b) ME sensitivity as a function of magnetic DC bias at 
frequency of 1 kHz and applied AC magnetic field of Hac= 1 Oe, (c) Impedance and phase spectrums as a 
function of frequency, (d) ME coefficient as a function of frequency until 100 kHz, and (e) ME coefficient 
as a function of frequency until 30 kHz. 
 

On this PZNT bimorph, four layers of Metglas with an area of 15×7 mm2 was 
attached at the smaller section and thirty layers of Metglas, with an area of 20×7 mm2 
was attached at the larger section, as shown in Fig. IV.2(a). By adjusting the ratio of 
Metglas layers to the area of the piezoelectric rectangular sections an average response 
can be obtained from the -shaped structure. Figure IV.2(b) shows the measured ME 
response from bimorph composite structure as a function of magnetic DC bias at the 
frequency of 1 kHz with 1 Oe applied AC field. The peak at 60 Oe was associated with 
the four-layered Metglas section on the smaller piezoelectric surface area. The second 
peak of the ME coefficient at 215 Oe is associated with the thirty-layered Metglas section 
on the larger piezoelectric area. The impedance and phase angle spectrum for this 
laminate is shown in Fig. IV.2(c). After Metglas was attached on the PZNT plate, the 
intensity of resonances became smaller which can be explained by the dampening effect 
and the position of peaks shifted towards lower frequencies, as shown in Fig. IV.2(c). 
The weight of Metglas on the PZNT plates also brought the four peaks initially found at 
7.3, 16.3, 18.3, and 20.5 kHz originated from 10.09, 13.08, 23.32, 33.81, and 43.05 kHz 
in Fig. IV.1(b), but closer to each other. More specifically, the peak at 7.3 kHz in Fig. 



IV.2(c) was combined with the peaks of 10.09 and 13.08 kHz in Fig. IV.1(b). As a result, 
a wide-band was formed in the frequency range of 7 – 22 kHz, as shown in Fig. IV.2 (d) 
and (e). This band comprises of peaks in the ME coefficient at 7.5 and 20.43 kHz at the 
magnetic DC bias of 60 Oe. Under the magnetic DC bias of 215 Oe, the peaks occur at 
7.5, 15.95, and 20.43 kHz. This indicates that the peak at 15.95 kHz was related to the 
magneto-mechanical coupling and not to the electromechanical coupling. The ME 
sensitivity of the sensor in this band was measured to be higher than 200 mV/cm.Oe 
independent of the magnitude of applied magnetic DC bias. Furthermore, this wideband 
frequency response can be shifted using tip masses at the ends of the sensor. These results 
are quite promising for practical applications such as current probe and magnetic field 
sensing. 

 
 

V. Multilayer Co-fired ME Composite 

We have successfully fabricated a laminate composite which has a 3-layered structure 
with piezoelectric/magnetostrictive/piezoelectric using tape casting technique. The 
compositions of 0.2Pb(Zn1/3Nb1/3)-0.8Pb(Zr0.5Ti0.5)O3 [PZNT] and (Ni0.6Cu0.2Zn0.2)Fe2O4 
[NCZF] were selected for sintering. PZNT and NCZF powders were calcined at 850°C. 
The powders were mixed with the binder system and solvent for tape casting. For the 
PZNT slurry, 50 wt% of the binder system with respect to the PZNT powder was added. 
For the NCZF slurry, 65 wt% of the binder system with respect to the NCZF powder was 
added. PZNT and NCZF slurries were tape-casted with 250 μm height of doctor blade, as 
shown in Fig. V.1 (a).  

               
 
 
 
 
 
 
Fig. V.1. Tape casting processing: (a) casted 
tape, (b) stacking, (c) warm pressing, (d) 
green body, (e) sintered sample. 
 
 

After tape casting, the tape was dried for 24 hours. The green sheets were cut, 
laminated, and pressed under 5 MPa pressure at 80oC, as shown in Figs. V.1 (b) and (c). 
Consequently, the laminated green body was formed as shown in Fig. V.1 (d). These 
green bodies were baked at 400oC for 4 hrs with a heating rate of 0.3oC/min to remove 
organic binders. Subsequently, sintering was conducted at 930oC for 4 hrs with a heating 
rate of 1oC/min. After the binder burnout and sintering processes, the laminated 
composite was successfully co-fired without any cracks or delaminations, as shown in 
Fig. V.1 (e).  

Figure V.2(a) shows the ME coefficient of laminate composite as a function of DC 
magnetic field in longitudinal-transverse (L-T) mode. It shows the peak value of 82 
mV/cm.Oe at Hdc = 67 Oe and Hac = 1 Oe at 1 kHz. Prior reports on sintered ME 



composites based on NZF or NCZF show the peak ME value at a DC magnetic field of 
around 400 Oe; however, in this case the peak ME value was found to occur at 67 Oe. 
This low saturation in ME composites could be related to the changes in the coercivity of 
the composite. The magnetization of laminate composite as a function of magnetic field 
was measured by VSM using longitudinal direction (L-mode), as shown in Fig. V.2(b). 

 
Fig. V.2. (a) ME coefficient 
as a function of DC 
magnetic field under Hac =1 
Oe at 1 kHz, (b) 
Magnetization as a function 
of magnetic field. 
Measurement was conducted 
at room temperature using 
longitudinal mode. 
 
 

The coercive magnetic field (Hc) and remanent magnetization (Mr) were found to be 
16 Oe and 11.2 emu/cm3 respectively. The saturation magnetization was 122 emu/cm3. 
The magnetic domain was switched under low magnetic field representing ferrimagnetic 
properties. This result indicates why the ME behavior was saturated at a low DC 
magnetic field. The coercivity and saturation behaviors at the low magnetic field resulted 
in high ME sensitivity. 

Figure V.3(a) shows the sensitivity of L-T ME laminate to the small DC magnetic 
field variations at 1 kHz. The voltage induced by step-like changes under the small dc 
bias of 10 mOe (1 μTesla) in the range of 0 - 0.05 Oe (Hdc) was measured using time 
domain capture mode. These measurements were performed under Hac = 1 Oe. Inspection 
of the data reveals rapid and stable responses in the voltage induced across the 
piezoelectric layers in response to ΔHdc. This ME laminate composite was found to detect 
1 μT value of Hdc, which is an extremely good performance for a 3-layered structure.  

 

 
Fig.V.3.(a) Sensitivity limit of small DC magnetic field for the L-T laminate under a constant Hac =1 Oe at 
f= 1 kHz, (b) TEM and SAED images, (c) High resolution TEM images.  

 
This sensitivity was attributed to the effectiveness of elastic coupling due to defect-

free interfaces in laminate structure, as shown in Fig. V.3 (b) and (c). (HR-TEM image 
shows the perfect interfaces without any defects). Fabrication of co-fired laminate 
composites with high magnetic-field sensitivity will lead to their wide scale application. 
VI. Co-fired 3-1 Composite Structure 



The 3-1 composite was successfully synthesized using a co-firing technique by 
adjusting thermal expansion behaviors. 0.2Pb(Zn1/3Nb2/3)-0.8Pb(Zr0.5Ti0.5)1−xO3 [PZNT] 
and (Ni0.6Cu0.2Zn0.2)Fe2O3 [NCZF] powders were chosen as two phase materials. 
Various-types of vertical 3-1 composites were fabricated using thermoplastic properties 
of tape casting approach. Subsequent sintering was conducted at 930oC for 4 h with a 
heating rate of 1oC/min. 

 
 
 
 
 
Fig. VI.1. Green and sintered bodies of 3-1 composites: Green 
body - 20×20×1 mm3, Sintered body – 16.5×16.5×0.8 mm3.  
 
 
 

Figure VI.1 shows the green (left) and sintered (right) bodies of vertical 3-1 
composites which were composed of NCZF (Pillar) and PZNT (Matrix) materials. After 
binder burnout at 400oC for 4 h with a heating rate of 0.3oC/min to remove organic 
binders, co-firing was successfully conducted at 930°C without any delaminations and 
cracks. Electrodes were printed on only the PZNT area; and then the specimens were 
poled at 4 kV/mm. Thereafter, the ME properties of these composites were measured as a 
function of dc magnetic field under the condition of Hac = 1 Oe at 1 kHz using L-T mode. 
The composite having a single dot of NCZF in the PZNT matrix exhibited the maximum 
magnitude of the ME coefficient of 7 mV/cm.Oe at Hdc = 340 Oe while the composite 
having 4 dots of NCZF in the PZNT matrix showed 15 mV/cm.Oe at Hdc = 340 Oe, as 
shown in Fig. VI.2. When the number of dots increased in the 3-1 composites, ME output 
voltage also increased. However, the saturation magnetic field was not changed even 
though the number of dots increased. The ME coefficients of 3-1 composite exhibited 
relatively low values.  

  
 
 
 
 
 
 
Fig. VI.2. Magnetoelectric output voltage as a function of DC 
magnetic field of single-dot and 4-dot composites. 
 

 
VII. 2-1-2 connectivity Sensors (New design & Analytical Modeling) 

We synthesized a three phase 2-1-2 composite by co-firing NCZF pillars in the 
PZNT matrix and by laminating with Metglas layers. Magnetostrictive Metglas foils were 
laminated on top and bottom of the PZNT layer with embedded NCZF pillars, changing 
the overall connectivity to 2-1-2, where PZNT is connected two dimensionally, NCZF is 



connected one dimensionally, and Metglas is connected in two dimensions. In order to 
analyze the performance of this composite, a systematic study was conducted to evaluate 
the effect of each additional layer and the strain coupling occurring between ferrite and 
Metglas. Figure VII.1(a) shows the schematic of unimorph and bimorph configurations 
for the 2-1-2 composite consisting of four-layers of Metglas on each side (thickness of 
one layer of Metglas = 25 µm).  

 
Fig. VII.1. (a) Schematic diagrams of unimorph and bimorph configurations with intermediate layer of 3-1 
laminate composite consisting of 4-layered Metglas, (b) ME coefficient of 3-1 composite depending on the 
laminations: 3-1/Metglas (ME4) and Metglas/3-1/Metglas (ME6), (c) Histogram plots of the maximum 
magnetoelectric coefficient and the optimum DC bias magnetic field as a function of the six different 
composite structures . 
 

 Figure VII.1(b) shows the variation of the ME coefficient as a function of magnetic 
DC bias for both unimorph and bimorph configurations. For the unimorph configuration, 
the peak ME coefficient was found to be of the order of 86 mV/cm.Oe at Hdc = 52.8 Oe 
(ME4). For the bimorph configuration, the magnitude of ME coefficient increased to 
352.5 mV/cm.Oe at Hdc = 89.5 Oe (ME6), as shown in Fig. VII.1(b). There was a 4X 
increase in the ME coefficient by attaching the Metglas layers on both sides of the PZNT 
plate. This is quite an interesting result, and understanding this behavior requires 
information on 2-2 laminate composites with identical configuration but without any 
embedded ferrite pillars. Figure VII.1(c) compares the magnitude of maximum ME 
coefficient and optimum magnitude of the magnetic DC bias for all six different 
composites investigated in our group. Based on these composites, we tried to figure out 
the origin of the ME enhancement in terms of semiempirical models. 

Using a simple product property relationship, we can estimate the magnitude of 
the ME coefficient for the composite as: 

ME = mv (dS/dH)ferrite(l - 
mv) (g31.C31)piezoelectric   (VII.1) 



where mv is the volume fraction of ferrite, S is the strain, H is the applied magnetic field, 
g31 is the piezoelectric strain constant, and C31 is the elastic stiffness. Using Eq.(VII.1) it 
can be shown that: 

ME2 / ME1 = 2.98 (dS'/dS)ferrite = 2.98    (VII.2) 
where S' is the average strain in the composite with four pillars and  is the efficiency 
factor. The diameter of the single ferrite pillar in the sintered body was taken to be 5.2 
mm and the total dimension of the sintered sample was 16.5×16.5×0.8 mm3. The 
relationship shown in Eq.(VII.2) is reasonable given the fact that saturation in the 
magnetoelectric coefficient occurs at a similar value of magnetic DC bias. The estimation 
of  requires information on variation of elastic strain fields within the composite which 
is quite complex. However, using the approximation that sample is homogeneous and 
uniform, we can write for the average strain in ME2 composite as: 
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where V is the total volume such that Ni = mv/V. Further, assuming that Si is the average 
value of integral in the region i, then integral can be written as: 
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Dividing the sample into four quadrants, and noticing that strain generated in each pillar 
in response to applied magnetic field will be constrained by at least two nearest 
neighbors. Thus, the strain magnitude for each pillar in the four regions can be reasonably 
assumed to be half of that for the single pillar structure with no neighbors, i.e. dS/2. 
Substituting, this value of strain in Eq.(VII.4) and taking the summation over four 
regions, the efficiency factor can be determined to be as: 
  = (dS'/dS)ferrite =2. Vvm ' = 0.624     (VII.5) 

where mv' is the volume fraction of ferrite in 3-1 composite with four pillars. 
Substituting the value for the efficiency factor from Eq.(VII.5) in Eq.(VII.2), the ratio 
ME2/ME1 can be determined to be 1.859. Experimentally, the ratio was found to be 1.89. 

The magnetoelectric model originally proposed by Srinivasan et al. for the 
bilayer and multilayers composites has been widely utilized. According to this model, by 
doubling the volume of magnetostrictive layer (bimorph vs. unimorph, or ME5 vs. ME3), 
the increase in the magnitude of the ME coefficient can be given as: 
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             (VII.6) 

where t is the thickness of respective layers, s is elastic compliance, d is piezoelectric 
constant, T is permittivity at constant stress, subscript Met stands for Metglas, and 
superscripts m and p stand for magnetostrictive and piezoelectric phases. The magnitude 
of the term in the square brackets can be estimated to be in the vicinity of ~0.93 by 
assuming following conditions: ms11 = ps11, 

ms12 = ps12, tPZNT = 8 tMet, 
pd31 = 100 pC/N, and 

33
T/o = 1000. This magnitude is close to that observed by the experiment. In practice, 

the magnitude of elastic compliance for the amorphous magnetostrictive phase and the 



crystalline piezoelectric phase is quite different. Thus, Eq.(VII.6) could be approximated 
as: 
 ME5  2 ME3        (VII.7) 
 In order to compute the magnitude of the ME coefficient for the ME4 composite, 
we conducted comparative analysis between ME3 and ME4 and make the following 
observations: (i) active volume of PZNT in ME3 is replaced by 4 NCZF pillars in ME4, 
(ii) peak ME coefficient occurs at a similar value of magnetic DC bias in both ME3 and 
ME4, and (iii) the magnetic DC bias corresponding to the peak in ME coefficient is far 
from that required for NCZF to saturate as seen by making comparison with ME1 and 
ME2. Thus, the contribution from NCZF pillars towards the ME response will be quite 
small as compared to that from Metglas layers. Since NCZF pillars are unclamped on the 
other side in unimorph configuration (ME4), any strain occurring through the 
deformation in radial direction will be relaxed. Thus, the only factor affecting the 
response of ME4 composite will be interaction between the Metglas layer and PZNT 
which directly correlates with the reduction in the volume of active piezoelectric layer 
and no contribution from the 3-1 (PZNT-NCZF) composite, given as: 
 ME4 = ME3 (1- Vvm ).4( ) - ME2 = 87.82 mV/cm.Oe  (VII.8) 
This magnitude is quite close to that measured experimentally. The composite ME6 is 
modification of ME4 with bimorph structure consisting of Metglas layers on both sides of 
3-1 composite. One would expect the magnitude of ME6 to be ~2 ME4 based on 
Eq.(VII.6), but the results show that it was ~4 ME4. The difference in the optimum 
magnetic DC bias for ME3 and ME4 composites was 9.7Oe while that for ME5 and ME6 
was 26.8Oe. This increase in the magnitude of optimum magnetic DC bias can be 
correlated with the magnetic interaction between Metglas and NCZF which should 
contribute towards the enhanced strain in the PZNT layer. We believe this contributes 
towards the enhancement of the ME response. The models for 3-phase composites are not 
yet developed but we can approximate the contribution due to the ferrite pillars as 
ME2/ME1 given through Eq. (VII.2). Thus using Eq.(VII.8) and Eq.(VII.2), the 
magnetoelectric response for ME6 can be written as: 
 ME6 = [ME5 (1- Vvm ).4( ) - ME2] × (ME2/ME1)         (VII.9) 
which can be calculated to be 370.7 mV/cm.Oe. The experimentally measured value for 
ME6 was 352.5 mV/cm.Oe. This difference might be related to the fact that the strain due 
to ferrite pillars is overestimated by the ratio ME2/ME1. These results clearly 
demonstrate the effectiveness of 2-1-2 composite structure. 
          Figure VII.2 shows the voltage output responses corresponding to a small applied 
DC magnetic field of 500 nTesla. This represents the sensitivity limit of current 2-1-2 
ME laminate for detecting a small DC magnetic field under the operating condition of Hac 
= 1 Oe at 1 kHz in L-T mode. The voltage induced by step-like changes of small DC bias 
of 5 mOe (500 nTesla) was measured. The output responses corresponding to the 500 nT 
value of small DC bias per step were clear without any overlaps of the standard 
deviations. It means the resolution of composite for the DC bias can be operated less than 
500 nT value. 



 
 
 
 
 
 
 
Fig. VII.2. Voltage output responses 
corresponding to an applying small DC 
magnetic field of 500 nTesla for the L-T 
laminate (ME 6) under a constant Hac =1 
Oe at f= 1 kHz. 
 
 
 

Inspection of the data reveals visible changes in the voltage induced across the 
piezoelectric layers in response to varying Δ Hdc of 500nT. These results clearly 
demonstrate the effectiveness of 2-1-2 composite structure. 
 
 
VIII. NanoTesla Sensitivity ME Composite using Active Tip-Mass 

The high sensitivity ME composite with the maximum resolution of 5 nT was 
successfully achieved using Metglas / piezoelectric / carbon fiber / piezoelectric 
laminates with active tip mass. In order to maximize ME properties and to minimize 
magnetoelectrical degradations, we investigated (i) effect of the higher order bending 
modes, (ii) effect of the rigid clamping on the response of fixed – free cantilever beam, 
and (iii) effect of the active tip mass (ferromagnetic). 

Piezoelectric stripes with dimensions of 60×20×0.6 mm3 were selected as the base 
structure. The stripes themselves consisted of a carbon fiber substrate (C) bonded 
between two layers of PZT-5X45 (P). On top of the piezoelectric layer, a 100 m-thick 
Metglas layer (M) was bonded (MPCP laminate). Four different configurations with 
varying tip masses were investigated. The initial configuration had no tip mass and 
therefore, acts as a reference for comparative analysis. The 2nd configuration had a 1 g 
“passive” or non-magnetic tip mass made from PZT ceramic. For the 3rd and 4th 
configuration, 1 g and 2 g “active” nickel (Ni) tip masses were utilized. 

Figure VIII.1(a) shows the impedance vs. frequency behavior for the unclamped 
(free-free) and clamped (fixed-free) MPCP laminate. The rigid clamping resulted in 
sharp resonance behavior at low frequency and thus was used for further investigations. 
Figure VIII.1(b) shows the variation of magnetostriction and piezomagnetic coefficient 
of the MPCP laminate as a function of DC magnetic field (Hdc). The coefficients, λ11 and 
λ12 correspond to the in-plane magnetostriction coefficients measured parallel and 
perpendicular to applied Hdc. When Hdc was applied in longitudinal direction of the 
specimen, the Metglas elongated in the same direction by 28 ppm and contracted in the 
lateral direction by 22 ppm. The parameters q11 and q12 are in-plain piezomagnetic 
coefficients (qij=dλij/dH). The maximum q11 and q12 were obtained at Hdc= 8 Oe with 
values of 1.08 and -0.75 ppm/Oe, respectively. Thus, low-field saturated ME behavior 
and high ME coefficient for MPCP laminate can be expected. The functional change of 



piezomagentic coefficients has resemblance to the measured ME voltage coefficient. 
The peak in the ME coefficient of 394 mV/cm.Oe was achieved at the low DC bias field 
of Hdc = 7.7 Oe. Based on the measurement of impedance and phase angle the laminate 
was found to exhibit the first bending resonance at 54 Hz and the second bending 
resonance at 595 Hz. 

 
Fig. VIII.1. (a) Impedance spectrum of PCP laminate measured using impedance analyzer in unclamped 
and clamped (cantilever beam) configurations, Inset: CAD model of MPCP with clamping condition, (b) 
Magnetostriction and piezomagnetic coefficient for varying magnitude of DC magnetic field. 

 
Figure VIII.2. (a) Measured ME output of MPCP laminate without tip mass as a function of excitation 
frequency with applied AC magnetic field of 1 Oe. The large magnitude of the first two bending modes can 
be clearly seen in the inset, (b) ME voltage output as a function of DC magnetic field under the condition of 
Hac= 1 Oe at 1 kHz with multiple active tip mass configurations, (c) ME voltage output as a function of 
frequency around the first bending mode, (d) second bending mode for various tip mass configurations. 
 

The ME response of laminate as a function of frequency was measured under the 
conditions of Hac=1 Oe and Hdc=8 Oe, as shown in Fig. VIII.2(a). The maximum ME 
response of 15.5 and 13.1 V/cm.Oe was obtained at 595 and 7549 Hz. The first ME 
resonant peak occurred at 54 Hz with the magnitude of 1 V/cm.Oe. These strong ME 



responses at low frequency were attributed to: (i) effective bending modes and (ii) 
effective clamping. The ME coefficients depending upon the active mass were measured 
as a function of the DC magnetic field under the constant condition of Hac=1 Oe at f = 1 
kHz, as shown in Fig. VIII.2(b). The peak ME value without tip mass was measured to be 
394 mV/cm.Oe at 1 kHz. With 1g active tip mass, this magnitude was reduced to 333 
mV/cm.Oe while with 2g active tip mass it was further decreased to 322 mV/cm.Oe. The 
ME peak position decreased from 7.7 to 7 Oe with increase in active tip mass from 0g to 
2g. However, the traces of ME coefficients up to 4.5 Oe were identical as seen in Fig. 
VIII.2 (b). This indicates that ME responses for small bias would be similar regardless of 
tip mass. 

The shift in EMR frequency depending upon the magnitude of active tip mass 
was quantified by impedance measurements. The first bending mode was found to occur 
at 54 Hz without tip mass, which decreased to 43 Hz on addition of 1g tip mass and 
further decreased to 37 Hz by adding 2g tip mass. The second bending mode at 595 Hz 
moved down to 511 Hz and 480 Hz with the addition of 1g and 2g tip masses, 
respectively. The ME behavior depending upon the magnitude of active tip mass was 
measured as a function of frequency under the constant conditions of Hac= 1 Oe and Hdc= 
8 Oe. The peak ME positions in Fig. VIII.2(c) were well matched to the EMR results. 
The ME output voltage coefficient of 1 V/cm.Oe at 54 Hz increased to 1.08 V/cm.Oe at 
43 Hz with 1g tip mass, but decreased to 0.8 V/cm.Oe at 37 Hz with 2g tip mass, as 
shown in Fig. 2(c). For the second bending mode, the ME output voltage of 15.5 
V/cm.Oe at 595 Hz increased to 19 V/cm.Oe (22%) for both 1g and 2g tip mass, as 
shown in Fig. VIII.2(d). For the first bending mode, the 1g active tip mass configuration 
exhibited the best ME output. For the second bending mode, both 1g and 2g active tip 
masses effectively increased the ME coefficient. These results clearly demonstrate that 
second bending mode can be effectively tuned without any severe drop in the ME output 
voltage by using the active tip mass. For comparison, a fourth configuration of MPCP 
laminate was fabricated with 1g non-active tip mass. In this case, the ME peak position 
increased from 7.7 to 8.3 Oe (~0.6 Oe), and the ME magnitude decreased by 14%. Both 
of these effects are undesirable. Furthermore, the initial slope of the ME curve was also 
decreased. The non-active tip mass leads to the ME coefficient degradation and reduction 
of the ME magnitude at resonance. 

Using ATILA finite element method (FEM), the first bending mode for the 
MPCP laminate with 1g tip mass was calculated to be 51 Hz, which is slightly different 
from experimentally measured 43 Hz. The main reason for this difference was clamping. 
Since ideal clamping is not possible in an experimental setting, small variation is 
expected. A second bending mode for the structure was calculated to be 502 Hz. Two 
main analyses were conducted using ATILA: (i) stress along various directions (XX, YY, 
ZZ, XY, XZ, and YZ), and (ii) deformation along the length. The analyses are shown in 
Figs. VIII.3(a) and (b). In both figures, the x-axis represents the length of the MPCP 
laminate and the y-axis represents the shear stress distribution in the XY direction (left) 
and deformation (right). The MPCP laminate was symmetrical across the width (w); 
therefore, the stress and deformation along the length of the beam is reported at three 
sections w=0, w=1/4 and w=1/2. At the first bending mode in Fig. VIII.3(a), the stress 
levels are the highest only near the clamped end of the beam. Further, it can be noticed 
that the stress across the width was highest at w=0 and it decreases towards the center of 



the beam, w=1/2. Figure VIII.3(b) shows the stress and deformation distribution of the 
MPCP laminate at the second bending mode. In this case, the highest deformation is seen 
at half the length of the ME laminate from at its free end. The second mode also produces 
two widely and highly stressed areas which are the main reason behind higher voltage 
output compared to the first mode. 

 
Figure VIII.3. Stress and deformation distribution along the length of the MPCP laminate with 1g active 
tip mass, (a) at the first bending mode and (b) at the second bending mode. 

 
Figure. VIII.4. ME output voltage corresponding to an applied small DC magnetic field: (a) 5 nT under the 
constant condition of Hac=0.5 Oe at f= 1 kHz with/without active tip mass, (b) 300 nT under Hac= 1 Oe at f= 
10 and 1 Hz with 1g active tip mass, (c) and (d) ME response with a 1g active tip mass operating in the 2nd 
and 1st modes, (c) 10 nT under Hac =0.5 Oe at f= 511 Hz, (d) 2 μT under Hac =0.5 Oe at f= 43 Hz. 

Finally, a series of tests were conducted in which small magnetic fields were 
applied to evaluate the detection limit of the structure. The maximum resolution for 
detecting a small DC magnetic field was found to be 5 nT under Hac = 0.5 Oe at f= 1 
kHz, regardless of active tip mass as shown in Fig. VIII.4(a). The composite can detect 



changes in the DC magnetic field as low as 5 nT. The constant resolutions regardless of 
active tip mass configurations were mainly due to the same slope of the ME responses 
from 0 to 4.5 Oe, as confirmed in Fig. VIII.2(b). The steep slope from zero to saturation 
bias provides high sensitivity to a small DC magnetic field. These results confirm the 
effectiveness of active tip mass. At both 1 and 10 Hz, 300 nT resolution was obtained 
with 1g tip mass as shown in Fig. VIII.4(b). When we applied small DC bias to the 
composite at the second resonance of 511 Hz with 1g active tip mass, 10 nT resolution 
was obtained under Hac = 0.5 Oe at f= 1 kHz, as shown in Fig. VIII.4(c). The laminate 
showed 2 μT resolution at the first bending mode of 43 Hz, as shown in Fig. VIII.4(d). 
Interestingly, the ME sensing margin at the 2nd resonance is much higher though the 
detecting resolution is similar to that at 1 kHz. These results clearly show the promise of 
operating at the second bending mode. The bending resonance can be further lowered by 
using the combination of dimensionally gradient structures and tip mass. Recent 
investigations have shown that a flat ME response over a wide frequency range and a 
magnetic DC bias can be obtained by merging the dimension related bending modes. 
The magnitude of the ME coefficient can be further enhanced by constructing the 
MPCPM laminate with in-phase non-hysteretic response, and the sensitivity can be 
improved by shifting the initial slope of magnetostriction vs. DC bias curve towards low 
bias values. 

 
 

IX. Study of Elastic Coupling through Polarization-Magnetic (P-H) Response 
In our recent research, we tried to study the ME coupling through a new 

measurement method in collaboration with Radiant Technologies Inc. We demonstrated 
an automated measurement method for the determination of induced polarization (P) in 
magnetoelectric composites as a function of applied magnetic field (H) and frequency. 
The method provides the capability to quantify the changes occurring in the polarization 
waveform as a function of the pulse width and pulse amplitude with a nanosecond 
resolution. Using this method, P-H loops were measured over a varying range of 
frequency and DC magnetic bias, and the data were analyzed in terms of the dissipation 
occurring during ferroelastic switching. A systematic correlation between the P–H loops 
and the conventionally measured ME coefficient (dE/dH) was established. 

Magnetoelectric (ME) effect defined as the change in dielectric polarization (P) 
under applied magnetic field (H) or vice-versa, has been of significant interest in this 
decade. The induced P is related to the applied H by expression:  

HP                                          (IX.1) 
where   is the second rank ME-suceptibility tensor. Generally, the ME response of 
composite materials is described by the ME voltage coefficient ( ME ) as:  

dH

dE
ME                                          (IX.2) 

where MEr 0  and r  is the relative permittivity. It is well-known now that the ME 

coupling in two-phase composites is achieved through elastic coupling through the 
interface between the magnetostrictive and piezoelectric materials. In the specific case of 
piezoelectric – magnetostrictive composites, an optimum magnitude of magnetic DC bias 
is required in order to achieve a peak ME coefficient under a constant applied AC 
magnetic field. There are two methods commonly used to evaluate the magnitude of the 



ME coefficient: (i) charge amplifier and (ii) lock-in amplifier. Both of these methods 
provide indirect measurement of . There is no systematic report in literature on direct 
measurement of change in the polarization of ME composite under applied DC magnetic 
field for a macroscopic sample. This imposes serious limitation on our understanding of 
reversible ME effect in two-phase composites at the bulk scale. We address this issue in 
this letter and demonstrate a measurement method that can be used in both laboratory and 
industrial setting to quantitatively determine the magnitude of ME. Ferroelectric test 
systems based on the modified Sawyer – Tower technique are commonly used to measure 
the electric field induced ferroelectric polarization. Thus, improving the sensitivity of 
ferroelectric testers and reducing the noise factors related to external variables can enable 
direct measurement of induced polarization through applied magnetic field. 

A magnetoelectric laminate composite was synthesized by using the bonding 
technique. The plate of composition Pb(Zn1/3Nb2/3)0.2(Zr0.5Ti0.5)0.8O3 [PZNT] with 
dimensions of 16.5mm×16.5mm×1mm were used as the piezoelectric phase. The 
piezoelectric constant of poled PZNT plates was found to be 500pC/N with dielectric 
constant of 2219 at 1 kHz. The piezoelectric voltage constant (g33) was measured to be of 
the order of 23.41×10-3 Vm/N. On this PZNT plate, Metglas  sheets of 20mm×20mm×

100m dimensions were attached on both sides using epoxy with a curing temperature of 
80oC. For the polarization-magnetic field (P-H) loop measurement in longitudinal–
transversal (L–T) mode configuration, the Helmholtz coil was used to apply an AC 
magnetic field (HAC), and an electromagnet was used to apply the DC magnetic field 
(HDC).  
 

 
Figure IX.1. (a) Schematic diagram of polarization (P) - magnetic field (H) curve measurement system, (b) 
Basic concept for P-H measurement, and (c) ME coefficient measured by lock-in amplifier technique. 
 

The induced P under an applied magnetic field was monitored by using a 
ferroelectric tester (Radiant: Precision Premier II, USA) with configuration shown in Fig. 
IX.1(a). Figure IX.1 (b) shows the basic concept for the measurement of polarization-
magnetic field (P-H) loops using the configuration shown in Fig. IX.1(a). A combinatory 
measurement of P-E and M-H loops allows direct measurement of the P behavior 
corresponding to applied H. The sample was placed in the center of a Helmholtz coil 
which excited HAC from the DRIVE output of the tester, as shown in Fig. IX.1 (a). The 
output from the sample was connected to the RETURN input of the ferroelectric tester. In 



the schematic shown in Fig. IX.1(a), the DC and AC magnetic fields were applied 
simultaneously to the ME composite. Subsequently, the magnetostrictive material 
generates strain which is transferred to the piezoelectric capacitor resulting in induced 
polarization (P). For comparison, the conventional ME measurement was conducted by 
using a lock-in amplifier technique. Figure IX.1(c) shows the ME response of the 
synthesized ME composite measured by the lock-in amplifier technique. The peak ME 
coefficient of 402 mV/cm.Oe was obtained under HAC=1 Oe at f=1 kHz and HDC= 63 Oe.  

Next, we measured the P-H loops under the condition of HAC=1 Oe at f=1 kHz 
and HDC=63 Oe. Figure IX.2 (a) shows the triangular waveform for applied HAC to the 
composite and the resulting P response. Two important characteristics can be 
immediately noticed in this figure: (i) there is a time delay of 52 μs between the maxima 
of driving magnetic field and induced polarization indicating the presence of hysteresis, 
and (ii) the shape of the waveform for induced P was not retraced to that of applied H 
indicating the curved-shape of hysteresis. Both these factors could be attributed to the 
losses associated with the transfer of elastic strain (ferroelastic switching), and scattering 
at the interface due to the presence of surface irregularities and defects. In the case of a 
laminate composite, the contribution from the later factor is significant.  

 
Figure IX.2. (a) Induced polarization and applied magnetic field spectrums as a function of time under 
HAC= 1 Oe at f=1kHz and HDC= 63 Oe, (b) P-H curve under HAC= 1 Oe at f=1kHz and HDC= 63 Oe. 
 

Magnetostriction-induced stress oscillation changes the piezoelectric domain 
states from 180o to 90o, or vice-versa. It favors a ferroelectric tetragonal state with c-axis 
oriented at 90o from the direction of applied stress. The domains oriented perpendicular 
to the applied stress grows while those aligned along the direction of stress shrink.11 
Under applied magnetic DC bias the induced magnetostrictive strain (S) can be simply 
given as:  

  itiSS o  exp        (IX.3) 

where oo qHS  , q is the piezomagnetic coefficient, Ho is the amplitude of applied AC 

magnetic field,  is the phase lag between applied magnetic field and resulting strain, and 
 is the angular frequency. The induced polarization (P) at the domain boundaries can 
be given as: 
 dP          (IX.4) 
where d is the piezoelectric coefficient and  is the applied stress that can be described 
from Eq. (IX.3) as: 



   itio  exp        (IX.5) 

where  = +, and tan θ represents the damping capacity of the material given by the 
ratio of the stored energy during the deformation to the lost energy as heat. The change in 
polarization is accompanied by the charge generation at the domain walls which locally 
induces electric field. Equilibrium is achieved when the generated charge is compensated 
by the diffusion of mobile charged point defects under the influence of an electric field. 
This is time–dependent phenomenon which explains the delay in the polarization signal 
while the local electric field induced deformation is anelastic which explains the shape 
change. Calculations by Postnikov et al. have shown that for low defect concentration, 
the relaxation time is given as: DL 22   , where L is the distance between the 
neighboring domain boundaries and D is the point defect diffusion coefficient. This time 
constant combined with the interfacial elastic dissipation explains the time-lag observed 
in measurement. 

Figure IX.2 (b) shows the plot of induced polarization as a function of magnetic 
field amplitude at f=1 kHz under HDC= 63 Oe. The hysteresis in this figure clearly shows 
the nonlinear nature of P which is mostly assumed to be a constant even though Eq. 
(IX.1) shows the linear relationship between P, α, and H. The maximum polarization 
(Pmax) was determined at the point of the flattening of the curve marked in Fig. IX.2 (b), 
and was of the order of ~160 pC. These results are very interesting, clearly demonstrating 
the changes in induced polarization of two – phase composites due to magneto-elastic 
coupling.  

 

 
 
 
 
 
 
 
Figure. IX.3. Comparison of ME coefficients 
evaluated from P-H curves and measured by lock-in 
amplifier. 
 
 

The maximum polarization (Pmax) can be plotted as a function of HDC at a given 
HAC and frequency. Therefore, the ME coefficient ( ME ) can be given as: 

CtdH

dP

t

V

dH

dE

AC

ME
ME

1max                                  (IX.6) 

where t is the thickness of piezoelectric materials. Figure IX.3 compares the computed 
ME coefficient based on the P-H loops with that determined from the lock-in amplifier 
technique. The maximum ME coefficient found to be 380 mV/cm.Oe at HDC = 63 Oe, 
which is in excellent agreement with Fig. IX.1(c). However, this measurement method of 
induced polarization using the ferroelectric tester provides more precise information and 
phenomena about the nonlinearity and elastic coupling occurring in the ME composite.  
 



Summary of the achievement 
      The diagram below summarizes our progress in enhancing the sensitivity of the ME 
composites through studying for various connectivities from thin film to bulk scale. We 
have demonstrated several new-types of ME structures to enhance the sensitivity. Finally, 
our research was able to provide 5nT sensitivity ME composite using conventional 
sintering process. We have also demonstrated a new mutiferroic measurement method in 
collaboration with a company which will expedite the development in this field 
overcoming the limitations of ME measurement. 
 

 


